Abstract Currently, biodiversity is threatened by several factors often associated with human population growth and the extension of areas occupied by human activity. In particular, freshwater fish fauna is affected by overfishing, deforestation, water pollution, introduction of exotic species and habitat fragmentation promoted by hydroelectric dams, among other environmental impact factors. Several action plans to preserve ichthyofauna biodiversity have been adopted; however, these plans frequently cover only a small number of species, and decisions are often made without strong scientific support. This study aimed to evaluate the genetic aspects of wild groups of Brycon orbignyanus, an endangered fish species, using microsatellites and D-loop regions to identify the genetic structure of the samples and to establish priority areas for conservation based on the genetic patterns of this species. The results indicated that the samples showed levels of genetic variability compatible with others studies with Neotropical fishes. However, the results obtained in the analysis of molecular variance (AMOVA) for microsatellites (F ST = 0.258) and D-loop (F ST =0.234) and the interpopulation fixation index revealed that B. orbignyanus was structured in different subpopulations in the La Plata River basin; the areas with better environmental conditions also showed subgroups with higher rates of genetic variability. Future conservation actions addressing these sites should consider two different management units: the complex formed by the Ivinhema River, Upper Paraná, Camargo Port and Ilha Grande groups; and the complex formed by the Verde River and Sucuriu River groups.
Introduction
The Second World Conference on Environment and Development (Eco-92) recognised biodiversity as the greatest resource inherited by humanity. However, this diversity of species is often threatened by human action, whether by pollution, habitat modification, the introduction of exotic species or predatory activities of commercial interest (Frankham et al. 2002; Frankham 2003) . In particular, the aquatic fauna has been suffering for deof commercial interest are frequently taken directly from their wild populations, causing many of these species to become endangered (Agostinho et al. 2005) . This is the case in Brycon orbignyanus, a Neotropical migratory fish species that, in addition to suffering from the effects of habitat fragmentation due to the construction of hydroelectric dams and environmental alterations produced by human activity, is also suffering from apparent population reductions from overfishing due to its high commercial value (Agostinho et al. 2005; Nelson 2006; Lopera-Barrero 2009) .
Many efforts and investments are made for the preservation of endangered species; however, in many cases, resources are not available for the species that do not attract the most attention (Agostinho et al. 2002 (Agostinho et al. , 2005 . In this context, it becomes relevant to preserve the greatest number of species with the current financial resources. The definition of priority areas for conservation may be one way to achieve this objective because the protection of areas with native environmental conditions preserved for native wild species is the best strategy to protect a large number of species (Anderson 2003; Rege and Gibson 2003; Agostinho et al. 2005; Anderson and Centonze 2007; Abell et al. 2008) .
Studies should be conducted to define the best areas for conservation since research about the factors that control the complexity of ecosystems is extremely important (Fraser and Bernatchez 2001; Agostinho et al. 2005) . Thus, genetic studies provide intrinsic information about the species that often go unnoticed (Woodruff 2001; Chistiakov et al. 2006; Thomas et al. 2013) . The use of molecular markers, such as microsatellites and Mitochondrial DNA Control Region (D-loop), allow us to identify and quantify the genetic variability present in each group and to estimate the genetic divergence between them. This generates basic information to implement conservation actions as soon as the protected areas are defined (Brown 1986; Fraser and Bernatchez 2001; Rubin et al. 2001; Chistiakov et al. 2006; Selkoe and Toonen 2006; Olver et al. 2011) .
The patterns of distribution of genetic variation in a population are result of historical events as vicariance and migration, or recurrent, as the current gene flow and recent environmental changes (Avise 2009 ). The identification of these events provides information to unravel the evolutionary processes that may have led populations to differentiate into species over time (Templeton 1998) .
There are at least three biological reasons to preserve the genetic variability of natural populations: the loss of genetic variability may lead to an inbred population that may lead to decline the fitness and afterwards the population viability; populations with low levels of genetic variation on which natural selection can operate may have reduced opportunities for future adjustments against environmental changes; and the preservation of genetic variability may have a key role in the identification of evolutionary significant units for conservation (Rege and Gibson 2003; Frankham 2005; Anderson and Centonze 2007) .
Brycon orbignyanus is a Neotropical migratory fish of great commercial interest, due to the high market value of his meat and by your desirable behavior for the practice of sport fishing (Castagnolli 1992; Vaz et al. 2000; Paranani-Antunes et al. 2011 ). In addition, this specie is very sensitive to environmental changes and requires an area with preserved riparian forest for food and consolidation of the reproductive process (Cecílio and Agostinho 1997) . For these reasons, this species is currently classified as a Bcritically endangered^species of extinction (Machado et al. 2008) , being that with the conservation of this species many others will benefit.
Thus, the aim of this study was to estimate the dynamic, structure and genetic variability of groups of wild B. orbignyanus collected from different locations in the La Plata River basin to determine which are the populations with better genetic variability and then provide data to establish management units and priority areas for the conservation of this species.
Materials and methods

Sampling and DNA extraction
Fin samples were taken from B. orbignyanus specimens collected in different locations of the La Plata River basin (Fig. 1) . The samples were preserved in 95 % ethanol until analysis in the laboratory. A total of eight groups were sampled to develop genetic analysis with microsatellite and D-loop markers, as shown in Table 1 . Total DNA samples were obtained following the extraction protocol proposed by Ivanova et al. (2006) .
Control region of mitochondrial DNA (D-loop)
Polymerase chain reaction (PCR) was performed using a forward primer described by Sivasundar et al. (2001) reverse fragments were sequenced, with the consensus sequence and the alignment performed using the software GENEIOUS 4.8.5 (Kearse et al. 2012) . The genetic analyses of the mitochondrial sequences were performed with the software DnaSP 5.10.01 (Librado and Rozas 2009 ) to obtain the number of polymorphic sites, haplotype number, and gene and nucleotide diversities. Analyses of molecular variance (AMOVA; Excoffier et al. 1992) were conducted to examine the spatial genetic heterogeneity among groups using ARLEQUIN 3.5.1 (Excoffier and Lischer 2010) . The significance of the F-statistic was determined via nonparametric permutation (Excoffier et al. 1992 ) with 1000 data permutations.
Microsatellites
Ten microsatellite loci were tested, being only four were successful in amplifying polymorphic loci; BoM 6 and BoM 13 were described by Barroso et al. (2003) , and Bh 5 and Bh 13 were described by Sanches and Galetti (2006) . PCR reactions were performed in a Veriti 96 thermocycler (Applied Biosystems) following Schuelke (2000) , and genotyping was carried out in an ABI 3130 Genetic Analyzer (Applied Biosystems).
Hardy-Weinberg Equilibrium and Linkage Disequilibrium were tested using the program POPGEN 1.32 (Yeh and Boyle 1997) . This software was also used to establish the genetic variation levels that were based on the observed heterozygosity (Ho), expected heterozygosity (He), the average number of alleles per locus (Na) and the number of effective alleles (Ne). The software MICROCHECKER 2.2.1 (van Oosterhout et al. 2004) was used to infer the most probable cause of HWE departures. In addition, the software BOTTLENECK 2.1.02 (Cornuet and Luikart 1996) was used to estimate possible recent changes in population size.
The analysis of molecular variance (AMOVA) and the interpopulation fixation indexes (F ST and D EST ) which were calculated for all loci and all populations pairs, were used to investigate the occurrence of genetic structure among groups of B. orbignyanus and were calculated using ARLEQUIN 3.11 (Excoffier and Lischer 2010) and SMOGD 1.2.5 (Crawford 2010) . Corrections of the significance levels for multiple tests were performed using Bonferroni's method (Rice 1989). Bayesian analyzes were performed using the softwares STRUCTURE 2.2 (Evanno et al. 2005) to infer the number of populations and BAYESASS 1.3 (Wilson and Rannala 2003) to estimate the gene flow between all pairwise groups.
Results
Genetic variability
The genetic analysis with microsatellite markers revealed that the expected heterozygosity was higher than the observed heterozygosity in all groups, indicating a deficit of heterozygotes. This fact can be noted with the data obtained by the software BOTTLENECK, where only the Ivinhema River and Ilha Grande groups showed no significant differences in their heterozygosities ( Table 2 ). The genetic variability estimated by the average of observed heterozygosity were in general compatible with results from other studies with wild neotropical species of fish, with the highest values found in the Upper Paraná (0.462), Camargo Port (0.426), Verde River (0.324), Ivinhema River (0.498) and Ilha Grande (0.476); the lowest values were found in the Paranapanema River (0.198), Sucuriu River (0.233) and Uruguay River (0.189) ( Table 3 ; see detailed information by locus and by populations in Table 1 from Supplementary Material). The Ivinhema River group also presented the highest average value regarding the number of alleles (18.000), with the lowest value identified in the Paranapanema River group (6.500). The Intrapopulation Fixation Index (F IS ), which pro- Table 4 ). The greater genetic diversity can also be identified by the number of haplotypes in each group, as the groups that presented the largest indexes of variability were also those characterised by a high number of haplotypes.
Genetic structure
Both the D-loop and microsatellite markers showed similar results for the identification of population structure. The analysis of molecular variance (AMOVA ;  Table 5 ) indicated the presence of a high genetic structure among all groups for the microsatellite (F ST =0.258) and D-loop (F ST =0234). The analysis of pairwise F ST and D EST for microsatellite markers (Table 6 ) and pairwise F ST to the D-loop marker (Table 7) revealed a high similarity between the groups with higher genetic variability (Upper Paraná, Port Campbell, Verde River, Ivinhema River and Ilha Grande). For the microsatellite markers, both F ST and D EST indexes were effective to quantify the genetic differences between pairs of populations and confirmed in their analysis.
By the estimative of gene flow (Table 8 ) and the Effective Number of Migrants (Ne; Table 9), it was possible to discover that Upper Paraná, Camargo Port, Ivinhema River and Ilha Grande groups have the highest values of migration rates, being more intense the migratory flow between these locations (Table 8) .
The application of the Neutrality test (Tajima's D and Fu's Fs) (Table 10 ) revealed the instability of the sampled groups, suggesting that most subpopulations were in an expansion process, which is often observed after a drastic population reduction process. This reduction was confirmed by the BOTTLENECK data (Table 2) , since the deficit of heterozygous is an indicative of a recent bottleneck event. The Bayesian analysis showed an estimate of K=2 populations ( Fig. 1 -Supplementary  Material) , characterising the occurrence of population structure. This result indicates that the origin of the identified genetic variability was most likely due to the presence of two different subpopulations among the analysed samples.
Discussion
Due to the increase in human populations and the concomitant growth in the demand for industrial development, reports of impacts on wildlife populations due to human action have been frequent. Several studies of fish population genetics conducted in recent decades have revealed that the presence of population structure in wild species is not rare (Martins et al. 2003; Sivasundar et al. 2001; Chistiakov et al. 2006; Sonstebo et al. 2007; Pereira et al. 2009; Garcez et al. 2011; Sanches and Galetti 2012; Terencio et al. 2012; Song et al. 2014; Vogiatzi et al. 2014 ). However, the simple action of detecting population genetic structure of a species is not enough to measure the dimensions of the possible impact that this species could suffer from external interference (Fraser and Bernatchez 2001; Frankham et al. 2002; Selkoe and Toonen 2006) . Thus, it is necessary to investigate other parameters to better assess the conservation status of a species in a given environment.
The data obtained in this study reveal that although B. orbignyanus is considered an endangered species and suffered a drastic reduction of its wild populations, groups with a satisfactory index of genetic variability still exist, as revealed by the results obtained in the analyses for the Upper Paraná, Camargo Port, Verde River, Ivinhema River and Ilha Grande. The values of genetic variability obtained with microsatellite markers were compatible with the comparative study performed by DeWoody and Avise (2000) , which established Santos et al. (2007) and in Nannostomus eques from the Rio Negro by Terencio et al. (2012) also revealed the occurrence of high levels of genetic variability in wild populations, with h=0.999 and π=0.023 in C. macropomum and h = 1.000 and π = 0.012 in N. eques using the D-loop marker. This genetic variability may be closely related to the most preserved environmental conditions in these regions, which guarantee good reproductive conditions and maintaining a larger effective population. This fact can be noted by the evidence of a greater number of effective migrants among the places with lower environmental impacts (Hydroelectric Dams) and higher values of genetic variability, as is the case of the groups:
Ivinhema River, Ilha Grande, Port Campbell and Upper Paraná.
The data obtained by Melo et al. (2013) , with wild populations of Prochilodus argenteus and Prochilodus costatus revealed that connectivity between sites is a crucial factor for the maintenance of a single unstructured population, ensuring gene flow between individuals from different locations.
The analysis of molecular variance revealed the existence of a high probability of occurrence of population structure in the sampled groups based on the F ST values for the microsatellite (0.258) and D-loop (0.234) markers, according to the scale proposed by Wright (1949) . These results are similar to those obtained with Prochilodus lineatus using microsatellite markers (F ST =0.141) (Rueda et al. 2013) and Procypris rabaudi using D-loop markers (F ST =0.110) (Song et al. 2014) , which showed the occurrence of structured subgroup 1-Upper Paraná; 2-Camargo Port; 3-Paranapanema River; 4-Sucuriu River; 5-Uruguay River; 6-Verde River; 7-Ivinhema River; 9-Ilha Grande 
1-Upper
Paraná; 2-Camargo Port; 3-Paranapanema River; 4-Sucuriu River; 5-Uruguay River; 6-Verde River; 7-Ivinhema River; 8-Ilha Grande populations for both species with significant genetic differences between subgroups. The genetic structure of the wild population of B. orbignyanus can also be observed in the analysis of pairwise F ST , where it can be noted that the groups with the greatest genetic variability were those with the lowest values of population differentiation among each other. Genetic studies using microsatellites conducted by Araripe et al. (2013) in a natural population of Arapaima gigas also revealed similar results, indicating that the geographically closest groups with connection between them shared greater genetic similarities (d=105 Km, F ST =0.056, d=2300 Km, F ST =0.207). Terencio et al. (2012) and Paranani-Antunes et al. (2011) , using mitochondrial markers D-loop, also detected differences in the genetic structure of populations of fishes, being that the first author identified two evolutionary units for Nannostomus eques and the second characterized the incompatibility of Brycon orbignyanus stocks reproduced in captivity with wild populations.
Although the analysis of pairwise fixation indices (F ST and D EST ) leads us to believe in the existence of several distinct groups, the Bayesian analysis performed by STRUCTURE reveals the existence of just two populations (K=2). Probably this fact is due to the source of variation, being all genetic variability of these populations of B.orbignyanus originally from two locations: the complex formed by the Upper Paraná, Ilha Grande, Camargo Port and Ivinhema River groups and the complex formed by the Verde River and Sucuriu River groups. In common, these two complexes show good environmental conditions and connectivity between their populations, maintaining an important gene flow between them.
Despite of be a migratory fish and the sampling points are geographically close, due to habitat fragmentation by hydroelectric dams, lack of environmental conditions to the wild population, reduction of population effective size and increase of inbreeding, was observed the genetic structure of population. Ferreira et al. (2014) shown for Geophagus brasiliensis, that even on close geographical distances, the genetic diversity can be distributed unevenly. These authors analyzed eight groups of individuals sampled in a 250 km stretch of the Laranjinha River, identifying a low genetic diversity for all groups and the presence of three populations genetically structured (K=3).
Due to peculiarities in the biology of the species, Brycon orbignyanus is highly dependent on good environmental conditions for maintaining population equilibrium and is very sensitive to changes in the environment (Reis et al. 2003; Nelson 2006; LoperaBarrero 2009 ). The groups with the greatest genetic variability (Ivinhema River, Ilha Grande, Upper Paraná and Camargo Port) were found in less impacted areas. The Ivinhema River and the National Park of Ilha Grande are protected by federal laws, and professional fishing is banned in these areas. Moreover, these regions present long stretches of preserved riparian vegetation and are free of hydropower dams. Most preserved areas offer the best potential for the maintenance of species biodiversity, supporting a higher population growth (Myers 1988; Myers et al. 2000) . Thus, the protection of these sites entails the preservation of genetic diversity of populations and lessens the risk of extinction (Crandall et al. 2000) . The delimitation of areas for preservation is a valid strategy to encompass a larger number of species (Mittermeier et al. 1998) . To emphasise the conservation of a great number of species, the Ivinhema River (River Ivinhema group), the National Park of Ilha Grande (Upper Paraná, Port Campbell and Ilha Grande groups), the Sucuriu River (Sucuriu River group) and the Verde River (Verde River group) must remain preserved as protected areas to prevent the exploitation and degradation of these ecosystems.
The present study permitted the identification of two geographic regions with good levels of genetic variability, high gene flow and large effective population. Thus, the complex formed by Ivinhema River (River Ivinhema group) and the National Park of Ilha Grande (Upper Paraná, Port Campbell and Ilha Grande groups) and the complex formed by Verde River (Verde River group) and Sucuriu River (Sucuriu River group) show great potential for the maintenance of wild populations. Future management actions covering these areas involving B. orbignyanus should consider the existence of independent management units (Moritz 1999; Crandall et al. 2000) , particularly considering the biology of the species and the genetic diversity of each subpopulation.
We emphasise that areas with biological potential should be a priority for conservation and assigned the same level of priority as hotspot areas as the best method to guarantee the permanence of species (Myers 1988; Crawford and Morito 1997; Mittermeier et al. 1998; Myers et al. 2000; Agostinho et al. 2005; Anderson and Centonze 2007; Olver et al. 2011; Bijlsma and Loeschcke 2012) .
